The inert fluid perfluorocarbon (PFC) has been used since about 1960 in liquid respiration and artificial blood for mammals. PFC has been used to successfully resuscitate tardigrades that had been dried and exposed to a high barometric pressure of 6,000 atmospheres. Next, scientists attempted to experimentally preserve organs that had been removed from animals, dried, and immersed in PFC. Since 1998 preservation and resuscitation experiments have been conducted with mammalian hearts using 2,015 rats and 70 pigs. Among those experiments, the maximum time after desiccation until successful resuscitation was 26 days for a rat heart and 37 days for a pig heart. However, these results could not be reproduced. Finally, in 2005, this laboratory demonstrated that a rat heart removed under 2 atmospheres pressure and a CO 2 partial pressure of 400 hPa, followed by desiccation for 24 h, could be revived and heterotypically transplanted. Moreover, these results were reproducible. The preservation time can be extended to 72 h if, after immersing isolated rat hearts in PFC, they are dried by air exposure under a CO 2 partial pressure of 100 hPa. The present report documents the resuscitation of this heart after 72 h of preservation followed by heterotrophic transplantation.
INTRODUCTION
fluorocarbon (PFC) and UWS were successfully transplanted from 24 h (100%) to 48 h later (four of five rats) (5) . The reason they cannot be transplanted after this Medical treatment involving clinical transplantation of human organs such as lung, heart, liver, and kidney time limit is because the cell walls in the isolated heart are damaged by both the low temperature of 4°C and has become practicable and is performed regularly. However, the lack of donors for the increasing numbers exposure to ischemic damage and, as a result, the cell tissues cannot be resuscitated (3, 12, 13) . The idea that of patients waiting for transplants has become a serious problem, and the waiting time until transplant surgery isolated rat and pig hearts could survive more than 20 days in an ischemic state came from an experiment by can be performed is becoming longer.
When an organ donor does appear there is no system Seki et al., in which tardigrades were successfully resuscitated after being dried, immersed in PFC, and exposed to store the organ long term and then supply it to a recipient, such as there is with blood. This is because, unlike to high hydrostatic environments of up to 600 MPa (15) . In the present experiment, hearts removed from rats blood in a blood bank, organs cannot be stored long term. Maintaining clinical transplant organs at low tem-were immersed in PFC, exposed to CO 2 with a high partial pressure (100 hPa), and stored for 72 h in a refrigera-perature is the main technique for keeping these organs today, but because the limit for this is 4 to 24 h depend-tor at 4°C, after which they were heterotopically transplanted to the neck of the recipient rats and resuscitated. ing on the type of organ, there is an urgent need to establish more advanced preservation and resuscitation tech-Twelve weeks later, electrocardiograms indicated that the isolated heart continued to function. Increasing the niques (1).
When isolated rat, rabbit, and baboon hearts are kept preservation time of isolated rat hearts depends more on the absolute quantity of intra-and extracellular water at low temperature, using University of Wisconsin solution (UWS) and revived, the time limit is 6 to 18 h molecules in the cardiac tissue than it does on the components of the preservation solution. It appears that be- (6, 17) . Rat hearts preserved with a combination of per-84 YOSHIDA ET AL. cause the intra-and extracellular water in the isolated tissue is associated with CO 2 , it may thus be possible to resuscitate hearts even after long-term preservation. In the present study, we successfully revived isolated rat hearts that had been preserved for 72 h.
MATERIALS AND METHODS
The rats used in this experiment were inbred Wister Lewis rats (LEW/SsN Slc; female, 6 weeks old) developed by Japan SLC, Inc., which do not express a rejection response, so that they can be used in transplantation experiments. Hearts were removed from the rats under ether anesthesia. Then, after severing the aorta and pulmonary arteries, the hearts were exposed to mixed gas (PCO 2 = 150 hPa and PO 2 = 850 hPa) and the blood was removed from them in Krebs-Henseleit (KH) solution cooled to 4°C, which was then infused as a preservative. Antibiotics and Warfarin (warfarin potassium) were added to the KH solution, to which glucose was added at four times the normal concentration. The hearts were again exposed to mixed gas (PCO 2 = 100 hPa and PO 2 = 900 hPa), and immersed in PFC cooled to 4°C. During the preservation period, the hearts were continuously exposed to CO 2 at 35 ml/min ( Fig. 1 ). After being pre- Figure 1 . The isolated hearts were exposed to mixed gas served for 72 h, the hearts were removed from the PFC (PCO 2 = 150 hPa and PO 2 = 850 hPa) and then the blood was solution and immersed in physiological saline. The isoremoved from them in Krebs-Henseleit (KH) solution cooled lated hearts were then heterotopically transplanted after to 4°C, which was then infused as a preservative. The hearts were exposed to mixed gas (PCO 2 = 100 hPa and PO 2 = 900 72 h of preservation to the right neck of the recipient hPa), and immersed in PFC cooled to 4°C. During the preserrats, and sutured when the pulse became stable. Drinkvation period, the hearts were continuously exposed to CO 2 at ing water containing antibiotics was given to the recipi-35 ml/min (A, glass). ents, and postoperative observations were conducted in the animal room. After 12 weeks the pulse of the donor heart was recorded with an electrocardiogram in the re-heterotopically, but no pulse was recorded in any of the donor hearts (Table 1 , Fig. 7 ). cipient rat.
RESULTS DISCUSSION
Tardigrades are multicellular organisms that consist Hearts were preserved in PFC for 48 to 120 h, resuscitated, and transplanted with an end-to-end anastomosis of about 40,000 cells, including nerve cells. Seki et al. (15) demonstrated that tardigrades could be resuscitated to the common carotid artery, aorta, external jugular vein, and pulmonary artery. Heterotopic transplants were and survive even after exposure to high hydrostatic environments up to a limit of 600 MPa. These results sug-conducted in 30 animals, and a posttransplant pulse was recorded by electrocardiogram in 13 of these rats. There gested that this same approach could be applied to the preservation of other multicellular organisms, and it was were five cases in which a pulse was confirmed after 10 weeks, and electrocardiograms were recorded after thought that the physiological mechanism by which tardigrades were preserved and resuscitated could thus be preservation for 72 h and heterotopic transplant (Figs. 2, Fig. 3, Fig. 4 , Fig. 5, Fig. 6 ).
applied for the preservation of mammal organs. Practicable techniques for long-term preservation and As control experiments, the hearts were preserved and resuscitated under the same conditions using pure resuscitation of mammalian tissue have been developed only for single cells such as blood, sperm, and ova. Pres-oxygen, pure helium, and standard air. In these experiments, isolated rat hearts were first immersed and pre-ervation techniques for tissues, which are aggregations of cells, or organs, which consist of various tissues, served for 72 h in PFC, and then exposed to either pure oxygen, the inert gas pure helium, or standard air, re-allow only for preservation of up to 24 h, within which time transplantation must be performed (4) . spectively, at 35 ml/min. They were then transplanted The problem with the preservation of mammal organs can be determined externally, and the blood vessels are also large and easy to transplant. is that after preservation there is a need to verify which tissues in the organ have successfully survived. The CO 2 gas was used for the long-term preservation of the isolated rat hearts for the following reasons. It is techniques for this verification include histological anatomy techniques, actual transplantation and verification, known that when either nonpolar gas CO 2 or inert gases are dissolved in water, the surrounding water undergoes and electrophysiological techniques. However, whichever technique is adopted, it is necessary to verify that hydrophobic hydration, and the thermal motion of water is thus inhibited (16) . If nonpolar CO 2 is dissolved in the cells in the tissue are alive. In the present study rat neck heterotopic transplants were used to verify tissue free water, the structuring of that water increases and it becomes hydrophobic. It has been suggested that the cell survival. Although heterotopically transplanted hearts do not pump blood, their main advantages are increased structuring of water in cells by saturation with CO 2 inhibits the vital activity responses. Therefore, inert that, unlike other organs, the survival of the transplant gases and CO 2 can decrease the metabolism of the cells method to the preservation and resuscitation of other mammal organs, including those of humans, in the fu-in organs so that they are maintained in a dormant state. The observation that organs regain their activity follow-ture. The inert fluid PFC was used in this experiment ing revivification procedures suggests that CO 2 thus plays an effective role in organ preservation (10). based on the studies by Goto et al. (2) and Kuroda et al. (5) . In the study by Goto et al.
(2) they used preoxygen-Another method of preserving tissues is to reduce the water in cells as much as possible. Many bacteria go ated PFC by a two-layer method (TLM). Oxygenation of pancreas during preservation by TLM has shown ben-into a dormant state when the relative humidity falls below 60%. A practicable method of desiccation and pres-eficial effects in islet transplantation. TLM is used for organ preservation and results in the flourishing of the ervation has been developed by eliminating the water in cells (7) . However, the resuscitation of organs isolated pancreas. For example, the study by Salehi et al. (14) assessed the effects of TLM, using PFC and UWS, on from mammals after preservation by this method for 72 h has not been successful. The results of the present ex-the quality of human pancreata following storage and islet yield/function after isolation. In the study by Kur-periment suggest that it may be possible to apply this oda et al. (5) they used PFC, UWS, and oxygen to pre-tration of 33 mmHg within the organism) under concomitant use with a buffer. CO 2 concentrations of above serve isolated rat hearts for a maximum of 48 h. After this they resuscitated the hearts (4/5 = 80%) and trans-15-20% are known to have an anesthetic and metabolic inhibitory activity, and they are used to anesthetize ex-planted them heterotopically, and the hearts survived for 6 weeks. In the present experiment, CO 2 and KH were perimental animals. In addition, they are also used commercially in the preservation of grains and in the trans-used in place of oxygen and UWS. KH was used because when the organs were preserved for more than 72 port and preservation of fish (7) (8) (9) . These effects of CO 2 are thought to be due to the protective mechanism pro-h and the subsequent resuscitation was done using UWS, resuscitation was seen in only part of the atria. The high vided by this gas following adsorption to the surface of proteins (biological macromolecules), and the effect of viscosity of UWS was considered to be unsuitable for long-term preservation, and low-viscosity KH solution structuring the water molecules within the body by inert gases such as Xe, which are used similarly to CO 2 in was thus used instead.
In most biological experiments, CO 2 is mixed with anesthesia (16), inhibition of metabolism, and plant preservation. O 2 and used as O 2 /CO 2 = 95%/5% (under atmospheric pressure 5% CO 2 is nearly equivalent to the CO 2 concen-
The lowering of pH that occurs with CO 2 dissolution KH/PFC + air 72 5 0/5 (0) 0/5 (0)
Hearts exposed to CO 2 gas in PFC solution are indicated by 1A, 1B, 1C, and 1D in the table. Hearts exposed to pure O 2 , pure He, and standard air in PFC solution are indicated by 2, 3, and 4, respectively. The resuscitation rate following heterotopic transplant after preservation of the heart and the 12-week survival rate are shown for each heart. Tests of significance using one-way analysis of variance (ANOVA) were conducted for the control experiments 2, 3, and 4 and 1A and 1B with preservation by CO 2 exposure, respectively. *p < 0.05.
der PFC immersion is thought to decrease the amount of water in tissue. The relationship between decreased free water and tissue preservation is a topic for future investigation.
In the future, further extension of the preservation time may be achieved by optimizing the partial pressure of CO 2 for finer adjustments of the structuring of intraand extracellular water to maintain cardiomyocytes in a dormant state.
The fact that cardiac pulsation was seen for more than 12 weeks after the heterotopic heart transplant suggests that even though the vital activity of the isolated heart was temporarily stopped for 72 h, it was revived and then continued its vital activity even after transplant. This heart preservation and resuscitation technique has given rise to the new field of semibiology, in which vital activity is suspended and then restored. repair techniques (surgical operations). However, there with exposure to CO 2 (100 hPa). Eight of eight (100%) were resuscitated after being preserved for 72 h with exposure to are no spare parts organs. The "parts" depend on the CO 2 (100 hPa). One of 15 (6%) was resuscitated after being supply from brain-dead donors, but these organs can preserved for 96 h with exposure to CO 2 (100 hPa), and 0/5 only be preserved for a maximum of 24 h. This organ (0%) were resuscitated after being preserved for 120 h with preservation and resuscitation technique may extend the exposure to CO 2 (100 hPa). With exposure to pure O 2 , pure period during which organs can be successfully used He, and standard air, none of the hearts (0/5; 0%) was resuscitated after preservation for 72 h. A test of significance between from 24 to 72 h. If someday organs could be preserved preservation in the control experiment and with CO 2 exposure for periods of longer than 1 year, human life could then was conducted using the one-way analysis of variance (ANOVA). potentially become semipermanent, similar to semicon-★ p < 0.05. ductors. With the development of semibiology techniques, human life may become semipermanent in the same way that automobiles are. is thought to contribute to these effects, although the precise mechanism for this remains to be elucidated.
In the natural world some plants and animals dry out and become dormant every year through internal mecha-These experiments have focused upon the effects of CO 2 and yielded consistent results in experiments aimed nisms, and then awake the following spring. Attempts are already being made to apply the mechanism of this at eliminating free water, which is thought to be necessary for effective tissue preservation. Because it is not natural phenomenon to plants, animal cells, and tissues, so as to develop practical techniques for their human possible to supply sufficient O 2 to tissue, changing the CO 2 concentration was tried, along with the methods application. This experiment demonstrated that this phenomenon, which is repeated every year in the natural documented by Kuroda, and we were thus able to achieve better results.
world, can also be applied to isolated mammalian organs. Moreover, it is reproducible. Ohta et al. conducted an earlier study on tissue preservation that focused on the effects of CO 2 (11) . They
In the present study, isolated rat hearts were immersed in PFC solution and exposed to CO 2 with a par-obtained good results in preserving dog blood vessels with the addition of CO 2 to modified Euro-Collins solu-tial pressure of 100 hPa during a preservation period of 72 h. These hearts were then heterotopically trans-tion. However, when they conducted a similar experiment using rat hearts, no resuscitation occurred even planted to the right neck of recipient rats, which continued to live for more than 12 weeks. with hearts preserved for less than 48 h. This is thought to be because cardiac muscle requires rich O 2 supply, REFERENCES and the preservation time tration of free water in tissue, O 2 and CO 2 exposure un-
